I describe a general technique, called "two-parameter calibration," which allows precise determination of analyte from non-monotonic calibration plots and the calibration of immunoturbidimetric assays in antigen excess. Using three-dimensional calibration plots and relative-sensitivity curves, two optimal parameters may be selected from a number of possible options by using criteria presented here. Choosing two different values of An_e,-the change in absorbance from time t1 to t2-as the reaction parameters in an immunoturbidimetric assay for albumin, I have optimized the choice of time interval for two-parameter calibration and extended the working range of the assay by three-to fourfold. The albumin assay shows excellent agreement of observed and expected values (r = 0.996) and also with results of a routine kinetic dye-binding method used on diluted plasma samples (r= 0.970).
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Immunoturbidimetry is a technique widely used for a large and growing range of specific protein assays. The ability of centrifugal analyzers to reliably detect very small changes in turbidity when an antigen-antibody reaction takes place in solution has made possible the large-scale and rapid automated analysis for specific proteins with use of very small sample and reagent volumes. This has resulted in a considerable reduction in the overall cost of these assays and a marked increase in their availability.
Antisera are still relatively expensive and, with calibration material, a major cost-affecting reagent in these assays.
The quantity of antiserum used is limited by the size of the measuring range required for a particular analyte, the sensitivity required over that range, and the use of antigen-excess checks in the assay. Any technique that may modify these factors to decrease the antiserum requirements in an inununoturbidimetric assay (ITA) would prove to be of immense long-term value.
Immunoturbidimetric assays in centrifugal analyzers are generally "two-point" kinetic assays (1) . The response measured is the change in absorbance over a chosen time interval, A -A1 (or where A1 is the absorbance at a time soon after addition of analyte (antigen) to antibody and A is usually the absorbance at or near the "plateau" phase of the reaction, but this is not an absolute requirement. The assay is conducted under conditions of antibody excess for the analyte range of interest, appropriate checks being made to ensure that such conditions obtain. The turbidimetric response measured is based on the fluid-phase immunoprecipitin reaction (2) . If the reaction is Department of Chemical Pathology, The Royal Marsden Hospital, London SW3 6JJ, U.K.
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kept so that the antigen (the analyte) is measured in the region of the immunoprecipitin curve at which antibody is in excess, the response curve rises from at or near zero to a maximum point in a monotonic (continuously increasing) fashion. Extension of the calibration range into the regions of equivalence and antigen excess results in a decreasing response for higher concentrations of analyte (antigen). The resulting relationship between analyte concentration and measured response (A1)
is not monotonic; two values of the analyte are possible for each value of the measured response, and the relationship is considered to be of no practical value for a measuring process (3) . Only the monotonic parts of the response are appropriate for the response to reflect the true concentration of analyte. There have been many attempts to develop methods for detecting whether a response is in the antigen excess region, so that samples can be diluted to bring them into antibody excess and then re-assayed. These methods usually require addition of further antibody. There have been attempts to use the kinetic characteristics of the reaction to detect antigen excess (2, 4) , but no generally applicable system that could calibrate in antigen excess was successfully developed from these techniques.
The kinetic characteristics of immunonephelometric and immunoturbidimetric assays have recently been comprehensively investigated to identify reaction parameters that can be simultaneously monitored to provide an unequivocal identification of the region in which the reaction lies, and use this information to calibrate assays across the whole range from antibody excess to antigen excess (5) (6) (7) . The methods used depend on the principle that there is a unique set of values for the reaction parameters at each concentration at all concentrations across the calibration range.
It is shown here that any two parameters with nonmonotonic response curves could be used to calibrate across the range from antibody to antigen excess, using a twoparameter calibration technique, provided they meet certain criteria that are evident from inspection of a threedimensional calibration plot and their relative-sensitivity curve. Furthermore, by using these methods, it is possible to optimize the choice of parameters from a number of options to ensure optimal calibration in all regions of the calibration curve. Using these criteria to select two time intervalshas enabled me to calibrate under conditions of antigen excess an albumin ITA and extend the usable range by three-to fourfold with no modification of assay conditions or instrument. in the calibration plot for one reaction parameter by using the calibration plot for the second parameter, even if the second calibration plot is also ambiguous. This is illustrated in Figure 1 . The response A1 on the first calibration plot corresponds to two possible analyte concentrations C1 and C2. These concentrations correspond to two different responses, A2,1 and A2,2, on the second plot. Under ideal conditions either A2,1 or A2,2 would exactly correspond to A2,, and define the actual concentration in the sample, but in practice, with experimental error, the concentration (C2) corresponding to the response (A2,2) nearest to the measured second response (A2) gives the best estimate of the actual concentration in the sample.
Each plot is being used in a slightly different fashion. It is equally possible to use the inverse of the second calibration function [C = f21(A2)] to identify the possible concentrations in the sample, and the first calibration function [A1 = f1(C)] to decide which is nearest. The two calibration plots are therefore interchangeable, and there are two possible estimates of the concentrations of the unknown from the same data.
Unfortunately, the second plot may not necessarily resolve the ambiguity in the first plot. If the symmetry of the second plot about the axis through the peak is the same as the first plot, then every pair of concentrationsdefined by the first plot will correspond to a single response parameter in the second plot. Experimental error will make this happen in some cases when the possible responses defined by the second plot are both close to the measured response.
Furthermore, with a large number of possible reaction parameters in an assay, some easily definable criteria are necessary to select the optimum pair of responses.
Choice of Parameter
Skoug and Pardue (5) classifiedthe reaction parameters they investigated as (a) "rate," (b) "two-point,"
and (c) "regression-kinetic." All were capable of distinguishing the different regions of the precipitin curve in ITA and immunonephelometric assays (6). The option they chose to use was C; they rejected options a and b because the responses could be quite low and the correlations and errors associated with c could be marginally more favorable, but twopoint methods were suggested as a simpler possible option.
Regression-kinetic methods require a large amount of computer processingof the progress curves to obtain computed parameter estimates before any further processing to obtain concentration estimates. Rate measurement is not directly possible in the centrifugal analyzer used here, and time-point sampling is not close enough to make computed estimates of rates accurate. I choseto investigate two-point methods, because they are the simplest to measure in most instruments.
Time-Point Analysis
Albumin assay: The albumin ITA of Lloyd et al. (8) was used, with an extended reading time and printout of the absorbance at suitable points, in a Cobas-Bio centrifugal analyzer (Roche, Basel, Switzerland). The program is described below. This assay has a usable calibration range, in antibody excess, of 5-100 mg/L.
I drew calibration plots for the time-point analysis by linear interpolation on a BBC Master microcomputer with 65C102 co-processor, using my own software.
In a search for an appropriate choice of two-point cali- combinations of calibration plots. The first 110 of these plots are shown in Figure 2 (a-d) .
The calibration plots are all "hat" shaped and therefore non-monotonic. In the 100-200 mg/L range, standards were set at intervals of 10 mg/L to define the peak more clearly and for large values of t2-t1 it was quite sharp (Figure 2, a and b) . As time intervals nearer the end of the reaction course are selected (Figure 2, b, c, and d) , the apparent peak of the plot moves slightly to the right and the peak height gradually decreases. Although the response falls off quite rapidly, it is obvious that any of a large number of calibration plots could be used for twoparameter calibration, and some criteria for choosing the best combination are needed.
Three-Dimensional Calibration
As mentioned above, a calibration plot implies a functional relationship between concentration and response. This relationship can be assumed to be a particular type (e.g.,y = mx + c,or logy = logx + c)orbepurelyempirical, with a calibration line fitted by eye or numerical means with use of an approximating or interpolating function. Two functions of the same variable define a line in threedimensional space; hence two calibration plots of the same analyte [A1 = f1(C), A2 = f2(C)1 define a calibration line in three dimensions. Plotting response A1 and A2 on the horizontal axes (x, y) of a three-dimensional (3-D) graph, with C as the vertical (z) axis will show the nature of this line. This is shown for three of the possible albumin calibration plots in Figure 3 . The 3-D plot supplies all the information necessary to decide whether a particular pair of calibration plots will provide unambiguous results on using the approach described above.
The criteria I adopted were based on the assumption that each pair of responses in an assay must define one point on the calibration line in three dimensions. This is seen as a response line, parallel to the C axis, defined by the intersection of the two response planes (A1-C and A2-C). This should intersect the calibration line at one point, or at least come very close to only one point on the line, within the bounds of experimental error. The criteria for the tbest calibration line were therefore as follows:
(a) The calibration line should not overlap itself and at no point run parallel to the C-axis. This would mean that A1,A2 would simultaneously correspond to more than one concentration spaced widely apart or over a short range.
(b) Points on the calibration line when projected on to the A1-A2 plane should be as widely separated as possible from other points on the line. It is unlikely that the response line will lie exactly on the calibration line, because experimental error will shift it into a region near to the true concentration, in the A1-A2 plane. This shift may bring the response line close to the calibration line at a very different concentration.
Inspection and rotation of the 3-D plot around the C-axis is necessary to ensure that the calibration line fulfills criterion a. The projection of the calibration line on the A1-A2 plane should be inspected to see if it fulfills criterion b. This plot is the relative-sensitivity (RS) curve for the two separate calibration plots (3). The RS curve gives further information as to the suitability of the two calibration plots. Criterion b means that the calibration line should enclose as large an area as possible, to reduce the likelihood of error producing a "flip" from one part of the line to another, and therefore the wrong concentration. The error in the curves may be absolute and therefore higher for a small response. A calibration plot that gives a larger overall response than another will enclose a larger area on the RS plot. Because each calibration plot may be interchanged in the approach described above, the RS plot can be used to determine which part of each plot will give a more nearly accurate answer; in a region where one plot is likely to give less accurate answers (e.g., the peak), the estimate from the more sensitive plot may be used.
In the three cases depicted in Figure 3 , inspection of the RS plot (Figure 4) shows that the #{163}4 .A230 plot has much more widely separated points than does the AA7, iA37 plot and higher peak responses. The #{163}47' A1.se line has a higher peak response than the other two, but the calibration line runs quite close to itself near the peak; this is confirmed by inspection of the 3-D graph (Figure 3) , where this line is seen to be much closer to the vertical plane through the C-axis. Experimental error could result in a very high degree of ambiguity with this plot. Also, the Units iA17, #{163}43.7 plot is very close to a line parallel with the Calculation factor C-axis from 300 to 400 mg/L, resulting in a high degree of sti 1 ambiguity over this region.
Std 2 Std 3 Extended-Range Albumin Assay
On the basis of the above criteria, I selected and as the optimum response pair for a routine assay. were calculated for each standard and sample. Initially, for the particular batch of antiserum used, closely spaced standards were used as described above in the time-point analysis ( Figure 5) . Thereafter, a smaller set of 12 standards was used, with the peak region closely bridged by appropriate choice of standard values. The 3-D calibration plot is shown in Figure 6 . Results: A comparison of calculatedresults and expected results for a diluted human albumin standard is shown in Table 1 . As mentioned above, the two plots are interchangeable, so there are two comparisons, depending on whether the first plot, used to obtain the two possible concentrations, is #{163}4$7 or 1A230, and the second plot, used to obtain the nearest feasible value of the concentration, is the alternative (Table 1, 1TA into antigen excess, perhaps the best estimate of its performance is the correlation between the mean estimate of samples measured in antigen excess and that obtained by dilution of those samples to bring them into antibody excess in the same assay. This does introduce a dilution error into the estimate in antibody excess, but this is what would be required in the unextended assay for high-concentration samples ( Figure 7) .
A comparison
of results for routine plasma samples measured by a rapid kinetic dye-binding method in the Beckman "Astra" and mean estimates from the dualcalibration method (afterdilution to bring them into the range of the 1TA) is shown in Figure 8 .
Analytical recoveries for albumin-supplemented, centrifuged urines ranged from 92% to 108% (mean 103%).
Imprecision (CV) for a pooled, diluted plasma was estimated to be 4.26% (within-batch) and 4.98% (between batch) for 11 duplicate samples, as estimated by an ANOVA technique (9).
Discussion
The optimized albumin assay developed by use of these techniques does not remove the basic problem of antigen excess. Values for analyte higher than the calibration range will still produce a very low or zero response and thus an erroneous result. However, the extended range reduces the chance of this happening and a single extra dilution extends the range of this assay from 5 mg/L to at least 24500 mg/L, which should cover almost any possible clinical situation, even for urinary albumin, which has an enormous pathological range. Errors are particularly likely to occur in this assay at the peak and tails of each response. The peak responses analyzed here were quite sharp, and interpolating the peak did not appear to produce major errors in the analysis of samples, in agreement with other authors (6) . The responses tended to become more symmetrical at the tails, leading to an increased tendency to ambiguity and potentially large inaccuracies within the range of the assay. This is shown in the RS plot as a tendency of the curve to turn back on itself at the ends. The optimization technique was able to select responses that minimized the possibility of this happening. With the two-parameter calibration technique, two sets of results are obtained in each assay, and any gross inaccuracies were highlighted by a failure of agreement between the results to within pre-defined limits.
I chosean arbitrary limit of 10% of the mean result as indicating that there was an error in calibration.
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The two-parameter calibration method described here is of general application. Any two reaction parameters with non-monotonic response curves across the range of interest in an assay may be used if they satisfy the criteria set out above. All the information available from both response curves is used, in contrast to methods in which one param-eter is an indicator variable to decide which region the response lies in so that the appropriate monotomc part of the other parameter's response curve may then be used as a conventional single-parameter calibration (7) . However, this approach may also be adopted here, especially in a region where one parameter may be particularly susceptible to error. The use of 3-D plotting and RS curves is of particular importance in selecting optimal response pairs and demonstrating that a pair of parameters will perform efficiently throughout the calibration range.
